AIDS-KS cells, proliferate in response to Tat after exposure to inflammatory cytokines, whose levels are augmented in HIV-1-infected individuals and in KS lesions. Here we show that Tat also promotes AIDS-KS and normal vascular cells to migrate and to degrade the basement membrane and stimulates endothelial cell morphogenesis on a matrix substrate. These effects are obtained at picomolar concentrations of exogenous Tat and are promoted by the treatment of the cells with the same inflammatory cytokines stimulating expression of the receptors for Tat, the integrins a438 and ai,I3. Thus, under specific circumstances, Tat has angiogenic properties. As Tat and its receptors are present in AIDS-KS lesions, these data may explain some of the mechanisms by which Tat can induce angiogenesis and cooperate in the development of AIDS-KS.
Kaposi sarcoma (KS) is a tumor of vascular origin, particularly frequent in human immunodeficiency virus type 1 (HIV-1)-infected homosexual men (AIDS-KS) (1) (2) (3) . Typical features of KS are spindle cell growth, angiogenesis, and inflammatory cell infiltration (1) (2) (3) . Recent results suggest that the HIV-1 tat gene product (Tat) cooperates with inflammatory cytokines and basic fibroblast growth factor (bFGF) in AIDS-KS pathogenesis (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . During HIV-1 infection of T cells, Tat is released into the extracellular medium (4, 5) . Extracellular Tat stimulates adhesion and growth of spindle cells derived from AIDS-KS lesions (AIDS-KS cells) (4, 5, 7) . These cells have characteristics of activated endothelial cells in situ and in culture (3, 11, 13) . In fact, normal endothelial cells become responsive to the mitogenic and adhesive effects of Tat after they have been exposed to conditioned medium from activated T cells (TCM) rich in inflammatory cytokines (6, 7, 13) . These cytokines [interleukin 1 (IL-1), tumor necrosis factors (TNFs), and interferon 'y (IFN-y)] (6, 7, 13) activate endothelial cells to express the receptors for Tat (the a5131 and aVI33 integrins) and to acquire other phenotypic and functional features of KS spindle cells, including morphology, marker expression, and production of bFGF (6) (7) (8) 13) . bFGF is highly expressed in primary lesions from AIDS-associated and classical KS (9, i1) and it mediates KS-like lesion formation induced by inoculation of KS cells or cytokine-activated endothelial cells in nude mice (10, 11, 13) . Further, the same inflammatory cytokines present in TCM are increased in HIV-1-infected individuals (16) (17) (18) (19) (20) and in AIDS-KS lesions (ref. 21 ; V. Fiorelli and B.E., unpublished data). These results and other data indicating that Tat and its receptors are also present in AIDS-KS lesions (11) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
suggest that multiple factors cooperate in the induction and progression of KS in HIV-1-infected individuals. In particular, Tat may represent the factor increasing the frequency and aggressiveness of AIDS-KS as compared to the milder classical form of the disease in which only bFGF is present (11) . In fact, in vivo studies indicate that Tat synergizes with bFGF in inducing angiogenesis and KS-like lesion formation in nude mice (11) and that, in the presence of heparin, Tat induces angiogenesis (12) . This and the fact that 30-40% of tat transgenic male mice develop dermal lesions characterized by angiogenesis (14, 15) 
MATERIALS AND METHODS
Cell Cultures and Preparation of TCM. AIDS-KS cells (AIDS-KS2; refs. 3 and 4), human umbilical vein endothelial (H-UVE) cells, and human abdominal aorta smooth muscle (AA-SM) cells were cultured as described (4, 6, 8, 24, 25) . Murine brain microvascular cells (26) were cultured in Dulbecco's minimal essential medium (DMEM) with 10% fetal calf serum (FCS), penicillin/streptomycin, 1 x MEM/vitamin, and sodium pyruvate. Immortalized EAhy926 endothelial cells (27) were cultured in DMEM with 10% FCS with penicillin/ streptomycin. MCF 10 human breast cells were cultured as described (28 Degradation of collagen IV was monitored by mixing a solution of 3H-labeled human collagen type IV (NEN/DuPont) with the unpolymerized Matrigel to a final concentration of 0.1 ,uCi per filter (<0.3% of the total collagen IV present; 1 Ci = 37 GBq). The filters were coated as described above. After 6 hr of incubation the upper chamber contents were collected, mixed with 10 ml of scintillation liquid, and counted in a (3 counter to evaluate the quantity of released collagen.
In Vitro Morphogenesis Assay. Matrigel (0.5 ml; 10 mg/ml) was pipetted into 13-mm (diameter) tissue culture wells and polymerized for 30 min to 1 hr at 37°C (32, 33) . H-UVE cells (5 x 104 per ml) were plated, followed by the addition of Tat (20 ng/ml), bFGF (20 ng/ml), ECGS (45 ,ug/ml), and heparin (30 ,tg/ml), or medium alone. In blocking assays, Tat was preincubated with the anti-Tat antibodies (1:100 or 1:250) for 12 hr (4°C) and then added to the cells (4, 5, 8 (4) (5) (6) . To determine whether Tat also has the property of inducing AIDS-KS cell migration, Tat, bFGF (positive control), or SFM containing the buffer in which these molecules were resuspended (negative control) was placed in the lower compartment of the Boyden chamber, while AIDS-KS cells were placed in the upper compartment (30) . Tat induced the migration of all AIDS-KS cell strains examined and at concentrations between 0.1 and 50 ng/ml, with a peak activity at 10-20 ng/ml (Fig. 1) . Cell migration was inhibited by prein- but not by anti-bFGF antibodies (abFGF) (1:250 dilution). For AIDS-KS2 and AIDS-KS4 cells, the cell migration per field (mean + SD) was 39 + 1 and 26 + 1, respectively. The experiments were repeated at least three times for each cell type.
cubating Tat with anti-Tat antibodies but not with anti-bFGF antibodies used as control (Fig. 1) . These (Fig. 2A) . However, after culture with TCM, Tat induced levels of H-UVE cell migration similar to those of bFGF ( Fig. 2A) . Tat concentrations inducing maximal effect were again between 10 and 20 ng/ml. Similar results were obtained with microvascular endothelial cells and smooth muscle cells (legend to Fig. 2A ). In addition, the preincubation of H-UVE cells with the same combination of cytokines found in TCM (reconstituted CM) induced cell responsiveness to Tat in a fashion similar to TCM (legend to Fig. 2A ). This is consistent with previous data indicating that this cytokine mixture is able to mimic the effects of TCM (6) .
Cell migration induced by Tat was inhibited by preincubating the protein with anti-Tat antibodies but not with anti-bFGF antibodies, while anti-Tat antibodies did not inhibit bFGFinduced cell migration (Fig. 2B) .
To verify whether the effect of Tat was chemokinetic (stimulation of random migration) or chemotactic (directional), checkerboard assays were performed with cytokineactivated H-UVE cells and Tat or bFGF by adding these factors to the upper and lower compartments of the Boyden chambers ( Fig. 3 A and B) . The results indicated that Tat and bFGF were chemokinetic for cytokine-activated endothelial cells (Fig. 3 A and B) , suggesting that cytokine treatment induces random migration in the presence of chemotactic stimuli. To verify this, experiments were repeated with an immortalized endothelial cell line (Eahy926) (27) that did not require cytokine exposure to be responsive to Tat (Fig. 3C) . In this case, Tat induced directional migration at concentrations even below those required by normal cells for maximum effect (Fig. 3C ). These data indicated that Tat is truly chemotactic. Tat Induces AIDS-KS and Cytokine-Activated Endothelial Cells To Degrade and Traverse the Basement Membrane. To form new blood vessels the migrating endothelial cells must break and traverse their own basement membrane ("invasion") (22, 23, 31) . This event is studied with the Boyden chamber and by coating the filters with Matrig'el, which prevents migration of noninvasive cells (31) . Tat promoted the invasion of AIDS-KS and cytokine-activated endothelial cells at the same concentrations inducing maximal migration (10-20 ng/ml) ( Table 1) . Similar effects were observed with the EAhy926 cell line, which responded at Tat concentrations even lower (1 ng/ml) ( Table 1 ). However, Tat had no effect on the migration of control MCF 10 epithelial cells (Table 1) .
Gelatin or type I collagen,'used as controls, did not form a barrier to endothelial cell migration (legend to Table 1 ). In addition, cell invasion to Tat was associated with degradation and release of radiolabeled collagen IV, suggesting that Tat activates type IV collagenase activity (Table 2) .
Tat Induces Endothelial Cell Morphogenesis. The final angiogenic event requires endothelial cells to organize in interconnecting tubular structures, the new capillaries (22, 23) . To study the ability of Tat to induce this phenomenon, H-UVE cells were seeded at low density on plates coated with Matrigel ("in vitro morphogenesis") (32, 33) . In this assay, stimulated endothelial cells form hollow tubes with a lumen (32) . ECGS, which contains aFGF, or human recombinant bFGF was used as a positive control. In the absence of ECGS, morphogenesis began only after 9 hr from cell seeding and some complete networks were observed only after 20 hr (Fig. 4 Al, BJ, and Cl). After addition of Tat, endothelial cells aligned and formed an anastomosing capillary-like network at 3 hr after plating that rapidly increased and became complete after 20 hr (Fig. 4 AZ B2, and C2 ). The morphogenic effect was cell specific as smooth muscle cells did not form networks (30, 33) with or without Tat (data not shown). The action of Tat was comparable to that of ECGS (Fig. 4A4, B4 , and C4) or bFGF (data not shown) and was blocked by preincubating Tat with anti-Tat antibodies (Fig. 4A3, B3, and C3) . These results were confirmed quantitatively by image analysis (Table 3 ). In ad- Experiments were repeated four times. (Fig. 4D and Table 3 ). In the absence of Tat or ECGS the network underwent disruption from about 40 to 48 hr after cell plating (Fig. 4DI) (16) (17) (18) (19) (20) Recent results indicate that Tat induces the attachment of AIDS-KS and normal vascular cells to culture plates, mimicking the effects of adhesion molecules of the extracellular matrix (7, 11) . Similar to these proteins, cell adhesion of Tat is due to the RGD sequence present at the carboxyl terminus of the protein, although the basic region of Tat increases this effect (7) . The cell migration property of Tat might also be mediated by this region since the RGD sequence is also involved in cell migration (36) . This sequence is recognized by integrin receptors (37) . In particular, for AIDS-KS and normal vascular cells, the adhesion effect of Tat is mediated by the RGD-recognizing integrins avI33 and a5f3i (7) . As these receptors are increased by cell exposure in inflammatory cytokines (7, 13, 38, 39) (40) . In addition, integrins are able to mediate cell growth, adhesion, and migration (36, 41, 42) and are essential for angiogenesis (40) . The induction of cell invasion by Tat is associated with collagen IV degradation ( Table 2 ) and with activation of type IV collagenase mRNA expression encoding the 72-kDa protein (11) . This suggests that binding of Tat to integrins may also be capable of activating the genes involved in the enzymatic degradation of the basement membrane as found in other systems (43, 44) .
Recent studies indicate that Tat may represent one major pathogenetic link between HIV-1 and KS (4) (5) (6) (7) (11) (12) (13) (14) (15) , while another may be the increase in production of inflammatory cytokines (6, 7, 13, (16) (17) (18) (19) (20) (21) , which triggers bFGF expression and release (13, 45) . bFGF and Tat are present in AIDS-KS lesions and Tat receptors (a5p13 and av33) are highly expressed by vessels and spindle cells (9, 11) . In vivo Tat synergizes with bFGF in inducing angiogenesis and KS-like lesion formation in nude mice (11) and, in the presence of heparin, Tat can induce angiogenesis (12) . In addition, Tat transgenic mice develop KS-like lesions (14, 15) . In this study we have shown that Tat has angiogenic properties and increases AIDS-KS cell invasion. These data may explain the mechanisms by which Tat may enhance the frequency and aggressiveness of KS in HIV-1-infected individuals.
